The erbB4 gene encodes one of the four members of the mammalian ErbB family of transmembrane tyrosine kinases. The ErbB4 protein plays a role as a receptor for the neuregulins, a large group of structurally related molecules and a few other epidermal growth factor (EGF)-related polypeptides, such as heparin-binding EGF, betacellulin and epiregulin. The importance of this receptor tyrosine kinase in development has been demonstrated by the generation of mice with a targeted inactivation of the erbB4 gene. Such mice die by embryonic day eleven due to defective trabeculation in the heart, precluding analysis of phenotypes at later stages in development and in the adult. Now, using two unique genetic approaches our laboratories succeeded in overcoming this obstacle. In the first approach, the heart defects of ErbB4 null mutant mice were rescued by transgenic expression of an ErbB4 cDNA under a cardiac-specific myosin promoter. This allowed the generation of ErbB4 mutants that develop into adulthood and are fertile. In the second approach, the role of ErbB4 during mammary gland development was specifically addressed by Cre-mediated deletion of both erbB4 alleles within the mammary epithelium. Bellow we discuss the progress made studying these genetic models in understanding the physiological roles of ErbB4 with a focus on the mammary gland and the nervous system.
ERBB4 AND MAMMARY GLAND DEVELOPMENT
Of the four ErbB receptors, ErbB4 appears to possess unique activities in the breast. Although all four receptors are expressed and activated in the normal mammary gland, 1 ErbB4 expression appears to be selectively extinguished during the progression of breast cancer. 2, 3 Furthermore, while expression of EGFR(ErbB1), ErbB2/HER2/Neu (referred to here as ErbB2), and ErbB3 in primary breast tumors is associated with poor patient outcome, ErbB4 expression indicates a differentiating tumor phenotype and improved patient prognosis. 4 One possible explanation for the unique activity of ErbB4 in breast cancer was revealed in experiments where endogenous ErbB4 was inactivated in the developing mammary gland by transgenic overexpression of a dominant negative mutant ErbB4 receptor. Similar to clinical observations, results from these experiments suggested that ErbB4 signaling contributed to epithelial differentiation. 5 Unfortunately dominant negative ErbB receptors lack specificity, potentially attenuating signaling through all ligand bound ErbB family members. These results must therefore be considered in light of this experimental caveat. Analysis of ErbB4 function in the developing breast was further hampered because genetic deletion of both ErbB4 alleles results in embryonic lethality, 6 precluding analysis of post-natal breast development. In lieu of these experimental limitations, the role of ErbB4 during mammary gland development has been recently elucidated through the analysis of two unique genetic models. Transgenically rescued ErbB4 mutants, which lack ErbB4 expression in all tissues but in the myocardium 7 and mice with Cre-mediated deletions of both ErbB4 alleles within mammary epithelium, 8 exhibited identical severe defects in lobuloalveolar development resulting in lactational failure.
The mammary gland developmental profile culminating into a functional secretory gland can be broadly divided into three major phases; ductal morphogenesis in the virgin, alveolar proliferation during early pregnancy, and finally epithelial differentiation and lactation at the late pregnancy/parturition transition. ErbB4 appears to be dispensable for ductal branching morphogenesis in the virgin 7 and early lobuloalveolar development at the onset of pregnancy. 7, 8 However, coincident with high levels of ErbB4 expression and activation, 1 the penultimate stage of mammary gland development involving lobuloalveolar expansion and epithelial functional differentiation, absolutely requires ErbB4 expression. 7, 8 Molecular analysis of alveolar defects in the absence of ErbB4 revealed two divergent ErbB4 activities contributing to lactational failure at parturition. ErbB4-deficient mammary epithelium failed to express the mammary differentiation marker, sodium phosphate co-transporter type IIb (Npt2b), indicating a critical role for ErbB4 during epithelial terminal differentiation. Somewhat surprising was a concomitant defect in epithelial proliferation. 8 Multiple activities for ErbB4 in the mammary gland at parturition implies that ErbB4 couples to distinct signaling pathways in this tissue. Interestingly, defects in mammary epithelial differentiation and impaired lactation are features of Stat5a-null mice. [9] [10] [11] Stat5 is a member of the signal transduction and activator of transcription family and is essential for the transactivation of critical lactation products. Interestingly, Stat5 protein in ErbB4-deficient mammary glands fails to translocate to the nucleus and lacks phosphorylation at the regulatory Y694. 7, 8 Moreover, lactational failure in the absence of ErbB4 is associated with ablated expression of the Stat5 regulated milk-genes β-casein and whey acidic protein (WAP). 8 Consistent with this observation, ErbB4 stimulates Stat5 transcriptional activation of a β-casein promoter reporter plasmid when co-transfected in human breast cancer cell lines (J. Allison and F. Jones, unpublished observations). Accumulative evidence strongly implies that the loss of Stat5 activity directly contributes to impaired differentiation and lactational failure observed in ErbB4-deficient mammary glands.
Molecular mechanisms regulating ErbB4 proliferation in the The essential contribution of ErbB4 to epithelial differentiation and lactation supports a novel signaling paradigm in the breast. The developmental events culminating in lactation at parturition have historically been attributed to prolactin activation of the prolactin receptor (PrlR), which is also an essential mediator of Stat5 activity in the breast. Our results however suggest that PrlR is dispensable for epithelial differentiation at late pregnancy, 8 rather PrlR mediates cell specification during the pregnancy induced transition from ductal to secretory epithelium. 10, 14 Secretory epithelium accumulate during pregnancy in the absence of ErbB4, however, despite evidence of intact PrlR signaling, Stat5 is not activated and epithelium fail to undergo terminal differentiation in ErbB4-null mammary glands. Thus we propose that PrlR and ErbB4 cooperate to activate Stat5, supporting a "receptor switch" model of Stat5 regulation in the pregnant mammary gland (Fig. 1) . The "switch" between obligate Stat5 activating receptors may be regulated by the temporal expression of receptor specific hormones. Regulation of receptor switching by ligand activity is supported by overlapping late pregnancy/parturition phenotypes of ErbB4-deficient mammary glands with mutations affecting expression or processing of the EGF-like growth factors and ErbB4 agonists HRGα, 13 HB-EGF, 15 and AR/EGF/TGFα. 16 The mechanistic "switch" from PrlR to ErbB4 regulation of Stat5 may be driven by novel Stat5 phosphorylation events induced by ErbB4. For example, both PrlR and ErbB4 stimulate phosphorylation of Stat5 at the regulatory Y694, however, ErbB4 also induces phosphorylation of additional, unidentified, Stat5 tyrosine residues. 17 Furthermore and unique to ErbB4 are phosphorylation events at multiple Stat5 serine residues (Lane R, Jones F, unpublished observations). One of these phosphorylation sites at S779 has been reported by several labs as an important event modulating Stat5 transactivation of the β-casein promoter. [18] [19] [20] Interestingly, the serine/ threonine kinase p21-activated kinase (Pak) 1 mediates Stat5 phosphorylation at S779. 21 Furthermore, targeted expression of a dominant negative Pak1 to the mouse mammary gland results in a lobuloalveolar phenotype that directly overlaps with phenotypes we have reported for ErbB4-null mammary glands, including lack of Stat5 phosphorylation and reduced β-casein and WAP expression. 19 Although still preliminary, these results imply that coupled ErbB4 and Pak1 signaling in the developing mammary gland reveal novel ErbB4 mediated Stat5 activities essential for lactogenesis. These novel Stat5 phosphorylation events may underlie the mechanistic switch between PrlR and ErbB4 regulation of Stat5 during pregnancy. The
ERBB4 AND THE NERVOUS SYSTEM
Similarly to the mammary gland, ErbB4 is also functionally distinct from all other ErbB receptors in the nervous system. Whereas a role as the neuregulin receptor required for Schwann cell development has been established for the ErbB2/Erbb3 heterodimer, [22] [23] [24] [25] the function of ErbB4 is still very puzzling. Within the developing mouse nervous system, ErbB4 mRNA is first detected at around E9. The most prominent sites of expression are within the segmented hindbrain, where ErbB4 deficiency causes aberrant migration of cranial neural crest migration through the adjacent cranial mesenchyme tissue and the subsequent misrouting of cranial nerves observed in mutant embryos. 6, 26 ErbB4 is also expressed within broad areas of the forebrain, although the detail of this early expression pattern has not been determined. As development proceeds ErbB4 expression becomes more widespread within the brain and spinal cord. A role for erbB4 in regulating neuronal migration has been postulated in the cerebellum, 27 and in the cerebral cortex and hippocampus. 28 In adult brain ErbB4 is localized at interneuronal synapses through the interaction with PDZ-containing proteins where it is thought to be involved in the modulation of synaptic plasticity. 29, 30 Furthermore ErbB4 is possibly involved in transducing neuregulin signals suggested to regulate neurotransmitter phenotypes in central neurons. [31] [32] [33] To date, however, only two neural defects have been characterized in rescued ErbB4-deficient mice, both affecting neuro-developmental processes. One involves the consequences of the aberrant migration of cranial neural crest cells and axon pathfinding initially described in the embryonic lethal knockout, whilst the second defect is a marked increase in the number of large interneurons within the granule cell layer of the cerebellum. No doubt a more detailed analysis will reveal further, subtler defects and may also describe any injury-associated phenotypes.
NEURAL CREST CELL MIGRATION
Cranial neural crest cells are generated throughout the dorsal hindbrain between E8-E11, but it is only from rhombomeres (r)2, 4 and 6 that they emigrate into the adjacent cranial mesenchyme, producing three distinct cellular streams. 34 The intervening mesenchyme adjacent to r3 and r5 is maintained neural crest cell-free, most likely by repulsive cues. 35, 36 In ErbB4-null embryos, a sub-population of r4-derived neural crest cells migrate out of their stream and rostrally through the normally neural crest cell-free territory of r3-adjacent mesenchyme, where they intermix with neural crest cells in the r2-derived stream. Using transplantation experiments in cultured mouse embryos we could demonstrate that this phenotype is non-cell-autonomous. 26 ErbB4 signaling events within the hindbrain therefore provide patterning information to cranial paraxial mesenchyme that is essential for the proper migration of neural crest cells. Later, sensory and motor axons also navigate aberrantly through r3 mesenchyme of ErbB4-null embryos, either because they too respond to the lack of repulsive cues or because they passively associate with the pre-existing scaffold of ectopic neural crest cells. Now, we observed in the rescued mutants that aberrantly projecting neurons survive the phase of refinement when the axons reach the vicinity of their targets during late embryogenesis, resulting in a substantial ectopic cranial nerve. 7 Interestingly, similar aberrant cranial nerve connections occasionally occur in humans: V-III nerve connections (Marcus-Gunn syndrome) 37 and V-VII nerve connections. 38 
CEREBELLUM
The adult cerebellum is a multilayered structure. It comprises an external molecular layer containing basket and stellate interneurons, radial Bergmann glia and occasional oligodendrocytes and astrocytes. More centrally is a monolayer of Purkinje neurons, followed by the internal granule layer (IGL) that contains small granule cell neurons and large interneurons, and finally there is a white matter layer. Granule cells are the most abundant cell type in the adult cerebellum and their precursors originate in the rhombic lip between E11-12.5, from where they migrate to cover the developing cerebellum creating a temporary secondary germinal zone, the external germinal layer ERBB4 SIGNALING DURING BREAST AND NEURAL DEVELOPMENT Figure 2 . Possible role of ErbB4 in the development of large interneurons in the cerebellum. Interneurons proliferate and then migrate from the ventricular layer of the fourth ventricle to enter the overlying IGL (for Golgi interneurons) and EGL (for basket and stellate interneurons). ErbB4 -/-mice have many more Golgi interneurons than normal. In the absence of ErbB4 signalling Golgi precursors may proliferate precociously, or cell fate choices may be changed between the interneuron sub-types, or the cell migration rate may be reduced, thereby exposing interneuron precursors to ventricular cues for longer, thereby affecting their proliferation or cell fate decisions. EGL external germinal layer, HL horizontal layer, PCL Purkinje cell layer, IGL internal granule layer.
(EGL). During the first 2 weeks postnatally, granule cell precursors proliferate in the superficial layer of the EGL from which postmitotic cells descend into the deeper aspect of the EGL and then migrate radially along Bergman glia to produce the IGL. Expression of ErbB4 and the other neuregulin receptors ErbB2 and ErbB3 has been reported in granule cells throughout all stages of cerebellar development. 33, 39 By contrast, in vitro studies suggest a reciprocal interaction between ErbB4 expressed on the radial glia rather than on the migrating granule cells, which instead expresse neuregulin. 27 The ErbB3/ErbB2 neuregulin receptor is reported not to be present on radial glia, 27 arguing against any neuregulin-ErbB3/ErbB2 compensatory mechanism to maintain granule cell migration in the absence of ErbB4. However, ErbB3 knockout mice do show multiple cerebellar defects, including perturbed granule cell migration from the EGL to IGL. 40 Another possible mechanism compensating for the lack of ErbB4 signaling in the rescued ErbB4 knockouts preventing a granule cell phenotype should be taken into account. HB-EGF is strongly expressed in the proliferative EGL during the period of granule cell migration. Since it is also a ligand for the EGF receptor (EGFR or ErbB1), a signal could be provided by activation of ErbB1 expressed by migrating granule cells. 42 No matter what the exact spatial-temporal distribution of all the components of the neuregulin-ErbB signaling module is, the lack of a granule cell phenotype in the rescued ErbB4 knockout cerebellum argues against an absolute requirement for ErbB4 in regulating development of this cell type. 7 Recent evidence suggests a simple solution to discrepancies between the in vitro and in vivo data concerning granule cell migration. Radial glia-dependent granule cell migration may well be compromised in ErbB4 knockouts, but the majority of granule cells are unaffected because they migrate using alternate, radial glia-independent, mechanisms. Thus, granule cells migrate normally in vimentin-deficient mice that have abnormal and poorly developed radial glia, 43 whilst detailed microscopy indicates that most granule cells take tangential, not radial, migration pathways. 44 The most striking phenotype in the cerebellum of adult rescued ErbB4 knockout mice is a dramatic increase in the number of large interneurons within the IGL. 7 Currently large granular layer interneurons are classified into Golgi cells, Lugano cells and unipolar brush cells. Using anti-somatostatin immunohistochemistry we could identify Golgi cells as a likely population to be affected in the heart-rescue ErbB4 knockout cerebellum; although another, unidentified, population of large somatostatin positive interneurons has recently been detected in the adult rat cerebellum. 45 Precursors of cerebellar interneurons (including Golgi cells) are born in the ventricular zone lining the fourth ventricle and migrate dorsally (centrifugally) through the white matter into the IGL. 46 Interneurons may also originate from the EGL. 47, 48 ErbB4 is expressed by interneuron precursors migrating dorsally into the cortex and hippocampus, 28 although it is not yet known whether cerebellar Golgi cell precursors similarly express ErbB4. However, if they do then ErbB4 signalling might promote their differentiation and in the absence of ErbB4 signalling the proliferative phase may be prolonged, explaining the increased numbers of Golgi cells in adult rescued ErbB4 knockout mice. More speculatively, ErbB4 may be involved in regulating cell fate decisions within the Golgi/basket/stellate precursor pool. If so then perhaps concomitantly reduced numbers of basket and stellate interneurons might be detected in ErbB4-null cerebella.
Alternatively, the rate of interneuron migration into the cerebellum may have unforeseen effects on the number of Golgi cells. In the developing cortex, the tangential migration of interneurons is stimulated by TrkB signalling via PI3-kinase. 49 Since ErbB4 signalling also activates PI3-kinase this suggests that the migration of cerebellar interneurons (assuming they express ErbB4) may similarly be potentiated by ErbB4 signalling.
The availability of adult mice completely devoid of ErbB4 in all tissues but the myocardium will be a great tool in understanding more about the intriguing function of this neuregulin receptor. In particular it affords the means for a detailed physiological and behavioral analysis. In addition using the mice with the loxP-containing erbB4 allele, erbB4 can be eliminated conditionally in any desired tissue or cell type for which specific promoter regions can be used to drive Cre expression in transgenic mice. These unique model systems may reveal additional novel activities for this understudied member of the ErbB family.
